United States
Department of
Agriculture

ForestService

Southeastern Forest
ExperimentStation

Research Paper
SE-258

Ecology of the Pinewood

- Nematode in Southern

Pine Chip Piles

L. David Dwinell




Mention of products and conpanies by
nane is solely to identify experinental
materials and does not constitute
endor senent bf/ the USDA, nor does it
inply approval of a product to the
exclusion of others that may also be
sui table.

Cctober 1986
Southeastern  Forest  Experiment  Station

P.O Box 2680

Asheville, NC 28802




Ecology of the Pinewood Nematode
in Southern Pine Chip Piles

L. David Dwinell

Research Plant Pathologist
Forestry Sciences Laboratory
Athens, Georgia

ABSTRACT

In wood-chip piles of southern pine species,
fresh chips and chips located in the outer shells of piles.

the pinewood nematode was found nainly in
Chips in the interior of

piles did not harbor the nenmatode if the tenperature reached 60 oc, caused by wood-cell

respiration.

[+]
chips at -20 ¢ for nore than 3days.

with the bluestain fungus (Ceratocystis sp.),

the nenatode was 35°C.
ni zed by bluestain than those not colonized.
popul ation density of the nematode in chips.
anaerobic environment at 38 oc.

In naturally infested or nenatode-enhanced chips, the optinmm tenperature
range for reproduction of the pinewood nematode was 35to 40 T
shipments of chips varied in response to incubation at 40 %

declined rapidly at tenperatures above 45°C.
density for 21 days at tenperatures of 0 to 10 OC.

Sanpl es of truck
Nemat ode popul ati ons

There was no marked change in popul ation

The nenatode did not survive in

In chips that had been autoclaved and infested
the optinum tenperature for reproduction of
Significantly nore nematodes were recovered from chips colo-
Wyod noisture had a narked inpact on the
The pinewood nenatode was intolerant of an
Pinewood nematodes extracted from southern pine chips

were pathogenic on 2-year-old slash pine seedlings in the greenhouse.

Keywor ds:
loblolly pine, pathogen.

Bur saphel enchus xyl ophilus. tenperature. bluestain. pine wilt. slash pine.

The pinewood nematode,

Bur saphel enchus  xylophilus (Steiner &
Buhrer) Nickle (= B.lignicolus Mamya &
Kiyohara), and pine sawers, Mnochanus
spp., are the primary causal agents of
the pine wlt disease. Athough the
inpact of the pine wlt conplex on
forests in Japan has been well docu-
mented (Mam ya 1983,1984),the role of
the disease in the United States is
still being defined (Wngfield and
others 1982). |In nost cases, pine wlt
is associated with exposure to environ-
mental stress (Mamiya 1983,1984;
Wngfield and others 1982), The disease
was not considered a problem in southern
pines until the pinewood nematode was
discovered in dying pines in several
seed orchards (Dwinell and

Barrows- Broaddus ~ 1983).

ANl 43 species of _Bursaphel enchus
described in the literature have a pho-
retic relationship wth insects, espe-
cially bark beetles and wood borers, and
all are nycophagous (Massey 1974; Riihm
1956; Tarjan and Aragén 1982). The

pinewood nematode, however, is a facul-
tative parasite capable of living and
reproducing on both fungi and higher

plants (mainly Pinus spp.) (Mamya 1983,

1984). Adult pine sawers (Mnochanus
spp.), which are wood borers, are vec-
tors of the pinewood nematode and ot her
species of Bursaphel enchus. The borers

colonize pine logs held in storage or
pines weakened or killed by natural or
mannmade stresses (Hellrigl 1971; Wbb
1909), The pinewood nematode is trans-
mtted by mature beetles feeding on
shoots of stressed trees or ovipositing



in dying trees or cut tinber (Luzzi and
others 1984; Wngfield 1983).

In 1984, the pinewood nematode was
found infesting wood chips exported from
North America. Finland placed a perma-
nent embargo on raw sof twood shipnents
from the United States, Canada, Japan
and other infested regions of the world.
The other Nordic countries have followed
suit. The curtailnment of southern pine
chip exports to Nordic countries would
represent about a $20 nillion per vyear
loss to southern forestry.

At the shipping termnal (Wodchip
Export Co.) in Savannah, GA chips of
southern pine are accumulated in two
piles; each contains 15,000 to 20,000 t
when loading of an ocean vessel begins
(fig. 1). Normally, it takes 6to 8
weeks to accunulate the required tonnage
of wood chips (about 35,000 t). An
estimted 70 percent of the chips are

fromslash pine (Pinus el liottii Engelm
var. elliottii) and 30 percent are from
loblolly pine (P. taeda L.) (Wayne
Stubbs, = personal  communi cati on)

The devel opment of  m cro-organi sns
in the chip piles is minly governed by
tenperature. The tenperature in a chip
pile depends on the anbient tenperature
the size and conpaction of the pile, and
the fines and bark content of the chips
(Bergman 1985). Regardless of the
anbient tenperature, the interior of the
pile rapidly rises to 60 °c. The tem
perature of the outer layer, or shell of
the pile, is wusually below the anbient
t enperature (Bergnman 1985; Rothrock and
others 1961; Saucier and MIler 1961;
Schm dt 1969; Springer and Haljny 1970).
The initial spontaneous heating in piled
wood chips is attributed primrily to
heat released by respiration in living
sapwood cells (Bergman 1985; Springer
and Haljny 1970).

Pigure 1. --Southern pine chips (38,000 t) ready for shipment to Sweden.



To develop strategies for control-
ling the pinewood nemat ode in southern
pine chips, information is needed on the
biology of the organism in this unique
ecological niche. The studies described
here were undertaken to determne

e \What types of chips harbor the
nemat ode.

e Effects of tenperature on the repro-
duction of the nematode in chips

e Influence of bluestain fungi in chips
on nenmatode popul ations.

e Influence of chip misture on nematode
popul ation  dynam cs

e Effects of anaerohic conditions on
nemat ode  survival

e Effects of covering chip piles wth
plastic on the thermodynamcs of the
pile, as well as changes in nenatode
popul ati ons.

e Pathogenicity to pine seedlings.

Methods and Materials

Nermat ode  Assay

Nemat odes were extracted from chips
by the pie-tin technique of Kable and
Mai (1968). Sanples Jere incubated for
18 to 20 hours at 25 % and coll ected
on a 325-mesh screen. The extracted
nemat odes were concentrated in 10 mL of
deionized water. Nematodes in a 1-mL
aliquot were counted under a WId dis-
secting mcroscope and expressed as the
number per gram of fresh wood weight.

In some experiments, the population
densities were increased in chip lots by
spraying the chips with a pinewood nema-
tode suspension. The population of the
pinewood nenatode used in these experi -
ments was originally isolated from
Virginia pines (Pinus_virginiana MII.)
in a seed orchard in Aabama. It was
reared on Botrytis cinerea Pers. ex Fr
growing on potato-dextrose agar at 25

C Nematodes were extracted from7-
to lo-day-old cultures by the pie-tin

techni que, then collected on a 325-mesh
screen.

Chip types. Sanples of the follow
ing chip types were screened for nena-
todes: (1) Fresh--Chips collected from
truck or railcar |loads prior to |oading
on the pile. A large percentage of the
chips were discolored by the bluestain
fungus.  (2) Shell--Chips, also discol-
ored, were collected from the outer
layer of the pile. (3 Interior--Chips
were collected from the interior of the
pile where the tenperature was 60 °c,
(4) Foundation--Chips that were dark-
stained, had accunulated on the ground
over several years, and had served as
the base for the new chip pile

Ten 100-g sanples of each of the
chip tyEes were placed in polyethylene
interlock seal bags (zip-lock) and
incubated at 25 °c for 2 and 8 weeks
(5 sanpl es per incubation period). In
addition, ten 75-g sanples of each of
interior, fresh, and foundation chips
were mixed with 259 of shell chips, and
incubated at 25 °c for 2 and 8 weeks.

At the end of the incubation periods,
the sanples were assayed for nematodes.
Data were subjected to split-plot
analysis of variance, with time as the
main plot.

Tenperat ure. The popul ation density
of the nematodes in 6 kg of fresh south-
ern pine chips was increased by spraying
the chips with 200 ml, of a suspension
cont ai ning 1,250 pinewood nemat odes/nl .
These i nfested chips were n1xed and
stored in a plastic bag at 25 ° for 1
week.  These chips were then divided
into 50-g sanples, placed in zip-lock
bags, and incubated at 25, 30, 40, 50,
and 60 °c. After 1, 2, 3, 4, and 5
days, two sanples (replications) were
removed from each incubator and assayed
for pinewood nematodes. Data were sub-
jected to split-plot analysis of vari-
ance procedures, with tenperature as the
main plot.

In a second tenperature study, 6 kg
of wood chips were heated in an oven at
60 °C for 24 hours, spread on a table,
and sprayed with 200 mL of a suspensi on
contai ning 1, 000 pinewood nemat odes/ m .



These infested chips were incubated at
25 °c for 2 weeks and then divided

into 50-g sanpl es placed in zip-lock
bags. ~ The sanples were incubated at 25,
30, 35, 40, 44, and 48 “C. After
incubation periods of 1, 3,7, 14, and
21 days, four sanples at each tenpera-
ture were assayed for the pinewood

nemat ode. Data were subjected to split-
plot analysis of variance, wth tenpera-
ture as the main plot.

Wod chips naturally infested with
t he pinewood nenatode were incubated for
4 days at 25 and 40 °c. Each treat-
ment was replicated three tines, and the
le size was 75 g. Aliquots of the
collected nematodes were examned wth a
compound nicroscope, and the proportions
of males, females, and juveniles were
determned for 150 nemat odes at each
incubation  tenperature.

Fifty-g sanples of 10 lots of chips
were taken fromtruck and railcar ship-
ments to the ternminal during July I-5
1985. They were e cubated in zip-lock
bags at 25 and 40 “C for 4 days. The
sampl es were assayed for the pinewood
nematode at the end of the incubation
period, and the data were conpared by
t-test for paired sanples.

To study effects of high tenpera-
tures on the pinewood nematode, 50-g
sanples of naturally infested chips were
placed in 2|p lock bags and incubated at
50 and 60 °c for 1, 2, 3,5, 13, and
2 hours. Each treatment combination
was replicated six times. The nematode
population density was determned at the
beginning of the experinent by assaying
three 50-g sanples. The treatnent
sanpl es were assayed for the pinewood
nematode at the end of each incubation
period. The data were not subjected to
statistical analysis

To determne the effects of |ow
tenmperature on nematode density, 3.6 kg
of chips--returned to the United States
followng a shipment to Sweden--were
divided into 50-g sanples. Sanmples were
placed in zip-lock bags andoi ncubated at
-20, 0, 5, 10, 15,and 20 “C. After
i ncubation periods of 1, 3,7, or 14
days, three sanples from each tenpera-
ture were assayed for the pinewood

nemat ode. Data were subjected to split-
plot analysis of variance, with time as
the main plot.

An experiment was also conducted to
determine the effect of tenperature on
t he pinewood nenat ode i n autocl aved
southern pine chips. Approximately 2.4
kg of chips were autoclaved for 45
mnutes, allowed to cool, then dipped in
a suspension of conidia that had been
collected from cultures the bluestain
fungus, Cbratocyst|s sp., grows on malt
agar at 25°C. The conidia were
washed from three culture plates and
suspended in 2 L of sterile deionized
water.  After dipping, the chips were
drained and |ncubated in the laboratory
for 3days at 25 °c. They were spread
on a plastic tray and evenly sprayed
with a 100 mL suspension of pinewood
nenmat odes (1,000/mL). Four days later,

these infested chips were divided into
50-g sanpl es, placed in zip-Iock bag%
and incubated at 25, 30, 35, and 40

for 1, 3,6, and 9 days. There were
three replications of each treatnent
conbi nati on. Data were subjected to
two-way analysis of variance.

Blues tain. On July I-5, 1985, a
total of 38truck and railcar shipnents
to the exporter were randomy sanpled.
Individual chips from 100-g subsanples
were separated according to presence or
absence of bluestain. The resulting
subsanples were reweighed, and the per-
centage of weight Er chips with or with-
out bluestain was determned for each of
the 38 lots. The sanples were then
readjusted so that each group had a
fresh weight of 50 g. These adjusted
sanples were assayed for nematodes, and
data were conpared by the t-test for
paired observations

Ten of the 38 lots that had been
divided into subsanples containing chips
with or wthout bluestain were incubated
in zip-lock bags at 40 °c for 6 days
and then assayed for nematodes. The
sanple weight was 50 g, and each treat-
nment conmbination was replicated twce
Data were subjected to two-way analysis
of variance and t-test for paired
observations



Chip moisture. The influence of
chip noisture on nematode population
density was investigated. Froma 1.2-kg
sample of chips naturally infested by
t he pinewood nemat ode, 25-g sanples were
randonly selected and placed in tared
weighing dishes. The resulting 45 sam-
ples were placed in desiccators contain-
ing calcium chloride, water, or neither
(15 sanpl es/treatment) and incubated at
35 . Six sanples were assayed for
nematodes to determne the base |evel
After incubation periods of 2, 5,9, 13,
and 21 days, three sanples were renoved
from each container, weighed to deter-
mne the percentage of nmoisture |oss,
and assayed for nematodes. Data were
subjected to two-way analysis of vari-
ance and regression

Anaerobic environment. Effects of
an anaer obi ¢ environnent (002) on
nematode population densities“in pine
chips were studied in GasPak Plus
Anaerobic Jar System (BBL M crobiol ogy
Systens, Cockeyville, MO 21030). In one
experiment, 39-g sanples of six randomy
selected lots of chips were placed in
petri dishes, sealed in a GasPak, and
incubated at 38°C for 3days. The
control sanples were concurrently incu-
bated in an aerobic environnent at the
same tenperature. At the end of the
experiment, the sanples were assayed for
nematodes, and the data were conpared by
t-test for paired observations

In a second experiment, the base
nematode population densities were
determned.  Then 39-g sanples of 10
randomy selected lots of chips were
incubated for 5days at 38% in an
aerobic environment and transferred to
an anaerobic environnent for 3 days.

Two sets of controls, incubated in an
aerobic environment at 38° for 5to

8 days, were included. The sanples were
assayed for nematodes at 5or 8days.
Data were conpared by t-test for paired
observations

Chip piles. A study was conducted
to learn about thernodynamcs of piled
chips and the effects of heat on nem-
tode population dynamics in chip piles
Two cone-shaped chip piles, 6min diam-
eter at the base and 2.4-m height were

construct ed. Chips were taken from the
shell of a nearby main pile in Savannah
with a front loader. The piles were
constructed with four layers (fig. 2).
Each layer was inplanted with 450 g chip
sanples infested wth nematodes and
enclosed in plastic hardware cloth. The
numbers of sanples for layer 1 (bottom
2, 3, and 4 (peak) were &4, 3,2, and 1,
respectively.

COVERED

UNCOVERED

Figure 2. --Diagram of simulated chip piles show ng
the location of the pinewood nenatode-infested
chip samples (A-J) and the tenperature probes (o).

Five thermstor probes were placed
at different locations in the piles and
connected to an analog telethermoneter
(Model 47, Yel l ow Springs Instruments
Inc., Yellow Springs, OH housed in a
standard weather station enclosure
| ocated between the piles. An eleventh
probe measured anbient tenperature. (One
of the piles was covered with a sheet of
4-mil plastic: the other was left uncov-
ered. The tenperatures were recorded
Monday through Friday at 0800, 1200, and
1600 hour s.

The study was established August 26,

1985, and terminated Septenber 12, 1985.
At the conclusion of the study, the chip

5



inplants were removed from the piles and
assayed for nematodes by screening three
50-g subsanples from each bag. Data
were conpared for covered and uncovered
piles and location within the pile by
t-test for paired observations

Pat hogeni city. The pinewood nema-
todes extracted from 10 lots of chips
t hat had been incubated for 4 days at 25
or 40 °c were used in a prelininary
study on pathogenicity to 2-year-old
seedlings of slash pine in a greenhouse
Seedlings were grown in plastic flats
(33x13x11cn) containing a mxture of
soil, pine bark, and sand (2:1:1, v/v).
Each flat contained 10 seedlings that
had been transplanted when they were 1
year old.

The 20 popul ations wused as inocula
were adjusted to 1,000 nematodes/m.
Since the inocula were from naturally
infested chips, other nematode species
and associated organisns were not
removed from the inoculum suspension.

To inoculate each seedling, an area
(3mm x 10 nm) of bark on the main stem
was renoved, then a piece of sterile
absorbent cotton containing 200 pinewood
nematodes was attached with Parafilm
over each stemwound. Five seedlings
were inoculated wth each nenatode

popul ati on. Equal nunbers of wounded
but uninoculated seedlings served as
controls.  The study was initiated in
late July 1985 and concluded 16weeks

| ater.

At the conclusion of the experinent,
seedling nortality was recorded. Then
all seedlings were sanpled for nematodes
by extracting from25-mm sections of the
stem directly below the inoculation
point and at the base of the seedling.
Sections were incubated in 5mL of water
in separate test tubes at 25 °c for 20
hours.  Extracted nematodes were not
counted. Mortality data (25 w 40 °c)
were conpared by wusing the t-test for
paired observations.

Results

Chip types. Mbst of the nenatodes
extracted were saprobic species rather

t han pinewood nemat odes. An analysis of
variance of the total nematode or pine-
wood nematode population densities
showed that the experinental wvariation
was caused by chip types or mxes and
not by incubation period or treatnent

i nteractions. There was, however, a
notable increase in general nematode
densities in fresh chips between week 2
and week 8of incubation (table 1). O
the four min chip types studied, nem-
todes were nost numerous in shell and
fresh chips. There were significantly
(P=0.01) fewer nematodes in the interior
and foundation chips. The highest tota
nematode densities were found in the
treatnents having shell chips mxed wth
interior or fresh chips prior to incuba-
tion. Aso, the nematode levels in
mxtures exceeded those that would have
been predicted based on the levels
recorded for the individual chip types.
The predicted nean nematode count for
interior + shell chips was 88nena-
todes/ g fresh wood wei ght ([0.5 x 75] +
[348 x 25])/100, and for fresh + shel
chips it was 351 nematodes/g ({75 x 75]
+ [348 x 75])/100, whereas the actua
count was 789 and 743 nemat odes/ g,
respectively. Mxing shell chips wth
foundation chips apparently did not
influence nematode population densities
in the same mnner, because the actua
count of 66nematodes/g was |ess than
the predicted count of 120 nematodes/g
([57x 751+ [348 x 25])/100.

The analysis of variance showed that
popul ation densities of the pinewood
nemtode in the chips were related to an
interaction of chip types wth incuba-
tion period. This interaction was
reflected primarily in the significant
(P=0.01) increase in pinewood nematode
counts in the fresh chips between the 2-
and 8-week incubation periods and the
decrease in counts in the interior +
shell mx during this period. The
counts in other treatments (chip types
or mxes) were not affected by incuba-
tion period. Pinewood nematodes were
recovered from only shell and fresh
chips and were not found in interior or
foundation chips

Tenperat ure. Tenperature had a
marked influence on the reproduction and



Table |.--Assay of wood-chip types and mixes for

after incubation at 25 C for 2 and 8 weeks

pi ncwood nenatode and other nematodes

Al ncmatodcs

Pinewood nenatodes

after incubation for-- after incubation for--

Types of wood X b

chips and mixes 2 wk 8 wk Mean 2 vk 8 wk Mean
Shel | (S) 130 565 348 B 14 CD 12 CD 13
Interior (1) 0-7 0.3 0.5 ¢ oD oD 0
Fresh (FR) 30 676 353 B 5 CD 32 8 18
Foundati on (FDN) 43 71 57 BC oD oD 0
I1+8 789 608 698 A 55 A 9 CD 32
PR + S 743 1,034 888 A 10 O 18 BC 14
PDN ¢+ S 51 71 66 nc 3 Cb 8 CD 6

a

Chip types:
pile. Shel | --chips collected from the outer
from the interior of
100 g. The

m xes consisted of

Wt hin colums,

according to Duncan's multiple range test.

survival of the pinewood nematode in
these studies. In the initial experi-
ment, the nematode population density at
4o °c increased significantly (P=0.01)
over time (fig. 3).After 5days, the
popul ation density at 40 ~C was 15
times the average density for 25 and 30
©c. After 1 day, the nunber of nems-
todes in chips incubated at 50 and 60
°c was zero. At 25 and 30 °c, there
was no significant change in the popula-
tion densities during the period of the
experiment. In naturally infested wood
chips, 102 nematodes/g were extracted
£r0n1 sanples incubated for 4 d%ys, at 25
¢ and 646nemat odes/ g at 40 “c. At
25 °c, 13, 17, and 70 percent of 150
nematodes examned were males, females,
and juveniles, respectively. At 40 °c,
10, 29, and é1percent were males,

Fresh--chips e¢olleceted from truck or
layer of the pile.
the pile where the tenperature was Gd) C.
that served as the base for the new chip pile.
75 g of I, PH.
five replications of each t{reatment conbination.

or PDN chips plus 25-g S chips.

means fol l owed by the same lcltcer

railcar loads prior to loading on the
Interior--chips collected
Poundati on--old chips

For s, I, FR, and FDN, the sanple size was

There were

do not qaifrer significantly (P=0.01)

females, and juveniles, resPectiver.
Only the propagative forms of the nema-
tode were observed.

In the second experiment, the analy-
sis of variance showed that experimenta
variation was influenced by the time x
tenmperature interaction (P=0.01). At 25
and 30 °c, the nematode densities
declined from 55 nematodes/g at day 1 to
23 nematodes/g at day 21 (fig. 4). At 35

¢, the population densities were 118
and 122 nenmat odes/ g on days 3and 7,
respectively, and then declined to |ower
densities at later periods. At day 21
however, the nematode densities were
still 2.6times greater than those in the
25 and 30 Oc treatnents. The nematode
densities in the 40 °c treat nent
increased to 250 nemat odes/g by day 3and
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then declined to lower densities at later
periods.  After day 21, these densities
approached those in the 35°C treat-

ment. The tenperature of the incubator

set at 44 °C crept to 45°c between
days 1 and 3. At day 1, the average
nemat ode density in the 44 °c treatment

was 96/g,but it declined to 6.2 nema-
todes/ g by day % en the tenperature had
increased to 45-c, and renained Iow
until the end of the study. At 48 °c,

the population density averaged 0.7 nem-
todes/g over time. The pinewood nematode
increased significantly over tine at
tenperatures between 35and 44 °c in

this study, wth optlnunt for nematode
reproduction in the 4o °c treatnent.

In the tenperature experinent where
the chips had been autoclaved and inocu-
lated with the bluestain fungus prior to
being infested with the pinewood nena-
tode, the analysis of variance showed
experinental variation was due to the
main effects (time and tenperature).
Among all four incubation tenperatures,
the nematode popul ation density declined
at day 3,then returned to the base |eve
by day 6(table 2). The nean nunber of
nenat odes extracted over time was 89
nemat odes/ g at 35°c, which was signif-
icantly (P=0.01) greater than the 59

Table 2.--Effect of temperature on population
development of pinewood nematode in autoclaved
chips inoculated with Ceratocystis sp. and
pinewood nematode

o
Temperature ( C)

Incubation

period a

(days) 25 30 35 Lo Mean
1 87 75 104 61 81 A
3 30 21 38 35 31 B
6 62 79 114 65 80 A
9 58 72 100 53 71 A

Mean * 50 n62 n 8 a 54n

a

Within temperature and incubation periods.
means followed by the same letter do not differ
significantly (P=0.01) according to Duncan’s

multiple range test.



Table 3.--Pinewood nematodes extracted from 10
lots of wood chips incubated at 25 and 40 0c for
4 daysu

Tenperature

Lot Change
nunber 25 ¢ 40 ¢ (4o/25 oC)

Nemat odes/g fresh weight

1 400 410 1.0
2 500 640 1.3

3 380 1. 160 3.0

4 200 460 2.3

5 560 1. 200 2.1

6 260 780 3.0

7 340 232 0.7

8 500 820 1.6

9 620 314 0.5
10 96 224 2.3
Mean 386b 624b 1.6

*For 50-g sanples extracted for 18 to 20 hours
at 25 'C

Means are significantly different (P=0.01)
according to t-test for paired observations.

nemat odes/ g at_ 25 °c, the 62 nene-
todes/g at 30 c and the 54 nema-
todes/g at 40 ®c. The optinum tenper-
ature for reproductlon of nematodes in
this study was 35 °c.

Vhen sanples of 10 lots of naturally
infested wood chips were incubated at 25
and 40 °c for 4 days, there was notice-
able lot-to-lot variation in response to
tenperature (table 3). In lot 3, for
exanple, there was a threefold increase
in nematode |evels between 25 and 40

C. In lot 9, however, the densities
were higher at 25 °c than at 40 °c,
Nevertheless, 10 lots were significantly
different (P=0.01), and the average
increase in the population density
between 25 and 40 C was 1.6 times.

The pinewood nenmat ode tolerated
tenperatures greater than 50 °c for no

Table 4.--
nenmat ode popul ations in wood chips

Effect of high tenperature on pinewood

[
Temperature ( C)

Ti me
(hours) 50 °c 60 °c
"""""" Percent w<====rman
o (100. 0) (100. 0)
1 47.2 0.8
2 16.5 6.3
3 6.1 0.5
5 1.5 0
8 0.6 0
13 0 0
24 0 0

aThe base population density at time 0 was 127
nemat odes/ g. Each treatnent combination was
Data based on 50-g
sarrgl es of chips extracted for 18 to 20 hours at

20 c.

replicated three tines.

b
Popul ations expressed as percentage of initial
(time 0) population density.

more than a few hours (table 4). After
1 hour at 50 °c, the nematode popul a-
tion density was 47 percent of the base
level. After 13 hours, no pinewood
nematodes were recovered from ch|p
sanples.  After 1 hour at 60 °c, the
popul ation density was reduced by 99.8
percent, compared with the base |evel
and after 5 hours, no nematodes were
recovered from chip sanples.

In a low tenperature experinment, the
analysis of variance showed the experi-
mental variation was attributed to the
temperature x time interaction (P=0.01)
(fig. 5). Nematodes survived in wood
chips for only 3 days at -20 °c. The
popul ation densities were fa|rIy con-
stant over time at 0, 5, and 10 c.

At 15 °C, there was an increase in
nemat ode densities at days 3 and 7,
followed by a gradual decrease to day 14.
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Pigure §.--Effect of |ow tenperatures on pinewood
nemat ode popul ati on devel opnment in southern pine
chi ps.

Bluestain.  Pinewood nematodes were
recovered from 92 percent of the 38 lots
sanpled from July 1-5, 1985. The nean
percentage by weight of wood chips with
bl uestain was 45 percent. The nean
nunber of nemat odes/ g was 107 for chips
with bluestain. This nunber was signif-
icantly (P=0.01) greater than the 82
nematodes/g for chips without bluestain.

Wen 10 lots of chips were divided
into sanples with or_wthout bluestain
and incubated at 40 °c for 6 days, the
analysis of variance found that experi-
mental variation was due to lots. The
mean nunber of 669 nematodes/ g extracted
was sonewhat higher than the 624 nema-
todes/g extracted in a previous study
(see table 2). Based on a t-test for
paired observations, there were signifi-
cantly (P=0,01) nore nematodes in the
bl uestain chips (747 nematodes/g) than
in chips wthout bluestain (591 nena-
todes/g).  These population densities
are_ approximately seven times those at
40 “C in a previous conparison (107
and 82 nenmatodes/g, respectively). This
result indicates that the effect of
tenperature was additive.

Chip nmoisture. Wod noisture mark-
edly affected the population densities
of nematodes in pine chips (fig. 6).
After 5 days, the nematode densities in
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the chips declined as the percentage of
moisture in the chips declined. In the
control, the nematode level in the chips
declined from 40 nematodes/g to 26 nema-
todes/g as the percentage of noisture
loss reached 22. The nematode Ieve

also decreased in chips incubated over
wat er .

Anaerobic environment. In the first
study of pinewood nematode in an anaero-
bic environment, the population density
was 157nenatodes/g for ChIDS in an
aerobic environment at 38 °c after 3
days.  Under anaerobic conditions under
the sane tenperature after 3 days, the
population level was eight nematodes/g

In the second experinent, the base
(time 0) nean nematode density was 10
nematodes/g for the 10 chio sanples.
After 5 and 8 days at 38 Cin an
aerobic environment, the population
| evel was 43 and 40 nemat odes/ g,
respectively. Wen chip sanples were
incubated for 5 days in an aerobic
environment and then transferred to
anaerobi ¢ conditions for 3 days, the
popul ation density dropped to 4
nemat odes/ g.

Ceannm, ™ = o v i — — ——
wnes —— —
LLI T -——

v
v,
.,
v
v
.
v,
v,
v
.,
-------
LTTYS
“aay,
......
.....
.....

Ty —
WATER == ===
[ CONTROL =+»esere

PERCENT MOISTURE LOSS
»
[=]

NEMATODES PER G FR WT

INCUBATION PERIOD (pAvYs)

Pigure 6.--Curves showing npisture loss in
southern pine chips (A) and correspondi ng changes
in population levels of pinewood nematode (@) at
35 83 over tinme.



Chip piles. There were signifi-
cantly (P=0.01) fewer pinewood nematodes
(8 nemat odes/g) in the sanples incubated
in the chip pile covered with plastic
than in sanples from the uncovered pile
(30 nematodes/g). In the covered chip
pile, the highest nematode density was
found in the samplgs placed in the shel
of the lower or first level. The temp-
erature at this location averaged 4

C and never exceeded 45 °c. For

the rest of the pile, the tenperature
averaged 43.9 °c and exceeded 45°c

for 60to 366 hours, depending on the

| ocation of the probe. In the uncovered
pile, the highest nematode density (52
nematodes/g) was in the center sanple of
the second layer. The tenperature of
the uncovered pile averaged 30.2 °c

for the five probes. The mean anbi ent
tenperature was 30.2 °c. The tenpera-
ture increase in the covered pile was
largely due to solar radiation

Pat hogeni ci ty. In the pathogenicity
study, 20 percent of the slash pine
seedlings inoculated with 20 (10 chip
lots x 2 tenperatures) populations of
the pinewood nematode died within 16
weeks.  There was no significant differ-
ence, according to t-test for paired
observations, between the nematode
gopulat|0ns fromchips incubated at 25

C (22 percent nortality) and 40 K

(18 percent nortality). There was no
lot-to-1ot variation. None of the con-
trol seedlings died. Pinewood nematodes
were the only nematodes recovered from

synptomatic  seedlings
Di scussi on
Nemat odes,  particularly Rhabditis

spp. and other saprobic nematodes, are
comonly found in wood-chip piles. The
pinewood nemat ode, a facultative para-
site, was recovered from 92 percent of
the chip sanples collected from ship-
nments from suppliers to the Savannah
terminal in July. Since the living
cells in fresh sapwood chips retain
their viability only about 2 weeks at 21
C (Feist and others 1971), the pine~
wood nematode is largely dependent on
fungi in chips for nutrition and lives
saprophytically in these chips for
| onger  peri ods.

The conplex thernodynamcs of piled
chips governs the population dynamcs of
t he pinewood and ot her nematodes associ -
ated with southern pine chips. The
spontaneous heating of the interior
chips caused by oxidation is sufficient
to kill all nematodes. The pinewood
nematode is found in fresh chips and
other chips that have not been subjected
to this "self-pasturizing." The popul a-
tion densities of saprobic nematodes
increased rapidly to high densities when
interior chips were mxed wth shel
chips. This increase was probably
caused by the reduction of predators and
nemat ophagous fungi in the interior
chips.  Three nematophagous fungal
sFecies, including _Arthobotrys
oligospora Fres., have been cultured
fromthe sapwood of slash pine (Esser
and others 1983). Because of the spon-
taneous heating in piled chips, the
pinewood nemat ode densities in chip
piles should normally decrease to |ow
levels over tine.

In the present study, the optinum
tenperature range for the reproduction
of the pinewood nematode in southern
pine chips was 35to 40 °c. These
values are considerably higher than
those in other reports. Most studies on
the effects of tenperature on the
popul ation dynam cs of the pinewood
nematode have been done on Botrytis
cinerea in culture. For exanple, the
optimum tenperature for the pinewood
nenatode on B. cinerea has been reported
as 25 °c (Dozono and Yoshi da 1974).

Mam ya (1983,1984)reports that the
plnewood nemat ode wi |l not reproduce at
over 33°%. Temperature studies using
mesophilic fungi as a host for the pine-
wood nematode failed to consider the
effect of tenperature on the growh and
physiology of the fungus. In chips, for
example, over 200 species of fungi have
been isolated, including such comon
thermotol erant fungi as _ Phanerochaete
chrysospori umBurdgall & Eslyn and
Aspergillus fumigatus Fres., which grow
fastest at 35to "40™C (Bergman 1985;
Burdsal | and Eslyn 1974; Hul me 1979).
These thermotolerant fungi my be a
suitabl e food source for the pinewood
nematode and explain why the nematode
reproduces well at this tenperature
range in wood chips,.
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Al though the optimum tenperature
range of 35to0 40 C was noted in
several experiments, one study indicated
that the pinewood nemat ode popul ations
in different lots of southern pine chips
did not always respond in the same
manner to incubation at 40 °c. In
some lots, the chips were probably |ess
than 2 weeks ol d and the pinewood nema-
todes were probably feeding on the
epithelial cells of the resin ducts
(phyt ophagous). In other lots where the
nematodes were nycophagous, reproduction
was likely influenced by the presence or
absence of thermotolerant fungi

At tenperatures above 45 °c, the
popul ation densities ofthe nematode in
pine chips rapidly declines. To illus-
trate this tenperature x time relation-
ship, it takes about 13 hours for the
popul ation to decline tg zero at 50 °c
but only 1 hour at 60 °c. Unfortu-
nately, it may not be economcally
feasible to use such a high tenperature
to control the pinewood nematode in wood
chips because of the limted heat con-
ductivity of wood and the rate the chips
are | oaded on ships (600 to 700 t/h).

One estimate suggests it would take over
33 million Btu's/h to raise 10 t of wet
wood chips/min 20 °c (WE Buske

VWl verine Corp.; personal  comunica-
tion). The energy costs and high
associated capital investnent have ruled
this approach out for now.

The presence of bluestain in chips
is an indicator of infestation of pines
by bark beetles, but it cannot be used
accurately to quantify nematode infesta-
tion of shipments from suppliers
Because of the frequent association of
sawyers wth southern pine (Dendroctonus

frontalis Zinm) and engraver (Ips
calligraphus (Germ) beetles (Coulson
and others 1976; MIler 1984), shipnents
with bluestained chips frequently con-

t ai ned pinewood nemat odes. Quite often,
however, lots with a high percentage of
chips with bluestain failed to yield
nematodes.  Pinewood nematodes have al so
been recovered from sanples in which
there are few chips with bluestain, if
any.

Fresh chips wth bluestain vyielded
significantly nore nematodes than those

12

without  bluestain. The magnitude of the
difference (1.3 times), however, was not
as great as mght have been expected for
this mycophagous organism Qher fung
that colonize chips or wood of trees
attacked by sawyers and bark beetles
(Bergman 1985;Burdsal | and Eslyn 1974,
Luzzi and others 1984;MCraw ey and
others 1980) may prove to be nore
important in the ecol ogy of pinewood
nematodes than Ceratocystis spp
Giocladium virens Mller (MCawey and
others 1985),for exanple, has been
isolated from nematode-infested slash
pines and is an excellent host for pine-
wood nematodes. Because of the thermo-
genic environnent of piled wood chips,
the role of thernotolerant fungi, such
as Phanerochaete chrysosporium and
Aspergillus fumgatus, 1n the develop-
ment of pinewood nematodes needs to be

i nvestigat ed

Pinewood nenmtodes are igtolerant of
anaerobic conditions at 38 “C. Since
they are aerobic or sem-aerobic inver-
tebrates, fumgants such as phosphine
my be effective in controlling nem-
todes in wood chips stored in the holds
of ocean vessels. Prelimnary tests
with phosphine show promse for control-
ling the nematode in wood chips (J.G
Leesch, ARS Stored Product Insects
Research and Developnment Laboratory
Savannah, GA.; personal communi cation).

It is doubtful whether southern pine
chips could serve as a source of inocu-
lum for the establishnment of pine wlt
disease in countries that inport them
Unless the nematode is transmtted by a
vector, it is destined to be digested in
the pulping process. The basic biologi-
cal requirements of pine sawers cannot
be met by wood chi ps (Wbb 1909;

Hel Irigl 1971).

The author thanks Bergitta Kenp and
\yne Stubbs of Savannah Sales, Inc.

and the staff at Woodchip Export Conpany
for assistance in this study.
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grant from the Georgia Forestry
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